Cell proliferation, cell migration, tissue morphogenesis and homeostasis all depend on cell-cell and cell-extracellula r matrix (ECM) interactions, and the integrin family of adhesion receptors has essential roles in these processes. Integrins are heterodimeric type I transmembrane proteins composed of one α-subunit and one β-subunit, both of which have an extracellular ligand-binding region and a generally short cytoplasmi c tail that binds multiple cytoskeletal and adaptor proteins that regulate the affinity of integrin for ligands (integrin activation)
. Ligand binding and subsequent integrin clustering lead to the recruitment of additional actin-binding, scaffolding and signalling proteins, which results in the transmission of mechanical and chemical signals into the cell. In this Review, we focus on two structurally and functionally related protein families, talins and kindlins, that bind β-integrin cytoplasmic tails and are essential for integrin activation and signalling.
Talin was first identified in membrane ruffles and cell-ECM junctions (focal adhesions) 30 years ago 1 . The discovery that it bound two other focal adhesion proteins, vinculin and integrins, attracted much interest. Sequencing revealed a highly conserved, 2541 amino acid protein composed of an amino-terminal FERM domain (known as the talin head) linked to a long carboxy-terminal region, known as the talin rod. Initial evidence that talin is important for focal adhesion assembly came from antibody microinjection, gene downregulation and gene deletion experiments (reviewed in REF. 2 ). The first mechanistic insights into talin function came from the landmark discovery that the talin head binds directly to the cytoplasmic tails of β-integrin subunits 3 and performs the key final step in integrin activation 4 . This finding, combined with structural studies on the integrin-talin head interaction 5, 6 , helped to explain how talin activates integrins from within the cell (inside-out activation) 7 . Talin is conserved throughout metazoans, and studies in Drosophila melanogaster 8 and Caenorhabditis elegans 9 confirmed its importance in integrin function.
Vertebrates have two genes that encode closely related talins with distinct but overlapping functions 2 . Talin 2 (Tln2) upregulation in Tln1-knockout mouse embryonic fibroblasts (MEFs) compensates for the loss of talin 1 (REF. 10 ). However, Tln2 knockdown in these cells reveals that talins are essential for linking activated integrins to cytoskeletal actin, focal adhesion assembly and the exertion of force on the ECM 10 . It is important to note that endothelial cells only express talin 1 (REFS 11, 12) , which makes them the ideal cell type for talin 1 structure-function studies.
Given the focus on talin in integrin activation, data showing that a lack of kindlin 3 results in severe integrin activation defects in platelets was unexpected 13 . A role for kindlin in integrin function first emerged when C. elegans kindlin (UNC-112) was shown to be essential for the organization of integrins at muscle attachment sites 14 . In 2003, mutations in a human UNC-112 homologue were shown to cause Kindler syndrome 15, 16 , a rare autosomal recessive disease that is characterized by skin blisters, photosensitivity, mucosal errosion and
FERM domain
Found in various cytoskeletalassociated proteins, including band 4.1, ezrin, radixin and moesin, the proteins after which this domain was named. One role of this domain is to localize proteins to the plasma membrane. It typically contains three subdomains, F1, F2 and F3, that normally arranged in a cloverleaf formation. Abstract | Integrin receptors provide a dynamic, tightly-regulated link between the extracellular matrix (or cellular counter-receptors) and intracellular cytoskeletal and signalling networks, enabling cells to sense and respond to their chemical and physical environment. Talins and kindlins, two families of FERM-domain proteins, bind the cytoplasmic tail of integrins, recruit cytoskeletal and signalling proteins involved in mechano transduction and synergize to activate integrin binding to extracellular ligands. New data reveal the domain structure of full-length talin, provide insights into talin-mediated integrin activation and show that RIAM recruits talin to the plasma membrane, whereas vinculin stabilizes talin in cellmatrix junctions. How kindlins act is less well-defined, but disease-causing mutations show that kindlins are also essential for integrin activation, adhesion, cell spreading and signalling.
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Thi gh gastrointestinal ulcers. Expression of this gene (which was named kindlin 1 (also known as FERMT1)) is largely restricted to epithelia, and kindlin 1-deficient cells exhibit defects in spreading, polarity, migration, survival and ECM organization 17 . Sequence similarity between kindlin and the talin FERM domain, and the ability of both proteins to bind β-integrin tails and to localize to focal adhesions 18 , heightened the interest in kindlins. Humans have three closely related kindlins (kindlin 1, kindlin 2 and kindlin 3), and all three mammalian kindlins have now been implicated in integrin activation. Mutations in kindlin 3 cause leukocyte adhesio n deficiency type III (LADIII) (reviewed in REFS 17, 19) . Although the detailed mechanisms by which kindlins exert their effects on integrin activation remain uncertain, it is clear that kindlins cooperate with talin during integrin activation and that a direct interaction of kindlin with the β-integrin tail is required, but apparently not sufficient, for integrin activation.
Here, we focus on recent advances in solving the structure of talin, the mechanisms by which the RAP1A GTPase effector RIAM binds and recruits talin to dynamic nascent adhesions at the leading edge of cells, and the way that force-induced conformational changes in the talin rod lead to a switch from talin-RIAM to talinvinculin complexes, thus stabilizing focal adhesions. We also discuss new information on kindlin domain organization and the possible mechanisms underlying cooperation between kindlins and talins in integrin activation. We refer readers to more in-depth reviews on the structural aspects of talin-mediated integrin activation [20] [21] [22] , as well as on vinculin structure and function 23, 24 .
Structural insights into talin function
Understanding the mode(s) of action of talin at the cellular and organismal levels requires information about talin structure, but so far, efforts to crystallize talin have failed, probably because of its inherent flexibility 25 . However, completion of the structures of all 18 domains of full-length talin represents a significant advance [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] that has allowed a model of full-length talin to be built 35 ( FIG. 1a,b) . The structures of individual domains, together with those of domains in complex with binding partners, show that talin has evolved to regulate integrin activity, to couple integrins to cytoskeletal actin and to act as a mechanosensitive protein in which ligand binding to the talin rod is regulated by force.
Structural model of full-length talin. The N-terminal talin head is an atypical FERM domain with an F0 domain in addition to the three domains (F1, F2, F3) that are characteristic of other FERM domains 32 (FIG. 1) .
Moreover, the crystal structure shows that it adopts an extended structure rather than the cloverleaf structure typically observed for other FERM domains 26 . The F3 p hosphotyrosine-binding (PTB)-like domain binds β-integrin tails (i ntegrin-binding site 1; IBS1) 6, 36, 37 , the cytoplasmic tail of the hyaluronan receptor layilin 38 and p hosphatidylinositol 4-phosphate 5-kinase type Iγ (PtdInsP kinase Iγ) 39 ; structures of these complexes reveal similar modes of talin binding. The F3 domain of talin also reportedly binds focal adhesion kinase (FAK) 40 , a Tyr kinase that is phosphorylated in response to integrin ligation, and the RAC1 exchange factor TIAM1 (T lymphoma invasion and metastasis-inducing 1) 41 , although as yet there are no structural details available on the binding mechanisms.
The talin head is linked to the talin rod by a large unstructured region that has the potential to span 20 nm when fully extended 42 . The talin rod is composed of 62 amphipathic α-helices that are organized into 13 4-helix or 5-helix bundles (R1-R13) 35 . The single helix at the C-terminal end of the rod serves as the dimerization domain (DD) 27 (FIG. 1a) . Crystal structures of the R1-R2 (REF. 34 ), R7-R8 (REF. 28 ) and R11-R12 (REF. 30 ) double domains have been determined, whereas the structures of other domains have been solved by nuclear magnetic resonance (NMR) (FIG. 1b) . The rod domain contains multi ple vinculin-binding sites (VBSs) 31 and at least two actin-binding sites 2 , the best-characterized of which is in
Box 1 | Integrin structure and activation
Integrin adhesion receptors are obligate heterodimers comprising one α-subunit and one β-subunit (see the figure) . In mammals, the 18 α-subunits and 8 β-subunits combine to form 24 different heterodimeric receptors, each of which exhibits distinct ligand-binding specificities and tissue distribution 148 . The subunits have large ectodomains that are constructed from various modular units, including Calf and Thigh domains in the α-subunit, and the crystal structures of various integrin ectodomains have been solved 149 . Each α-subunit and β-subunit has a single transmembrane helix and, usually, a short unstructured cytoplasmic tail 21 . Integrins exist in an equilibrium between a bent low-affinity state and an upright high-affinity state. They can be activated by the binding of extracellular ligands to integrin ectodomains (known as 'outside-in' activation) or by the binding of the talin head (an atypical FERM domain with F0, F1, F2 and F3 domains) 26 to β-integrin tails and acidic membrane phospholipids (known as 'inside-out' activation) [20] [21] [22] . Evidence for a bent to upright change in the integrin heterodimer on activation includes an electron-microscopy study of αIIbβ3 integrin embedded in membrane nanodiscs, in which talin was observed to cause extension of the integrin conformation 
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(1,826- 27 . The rod also contains a second integrin-binding site, IBS2 (REFS 30, 43) , and several binding sites for the RAP1A GTPase effector RIAM 35 , which is involved in recruiting talin to membranes to activate integrins [44] [45] [46] . The tumour suppressor DLC1 (deleted in liver cancer 1; which is a RHO GTPase-activating protein (GAP)) 47 and synemin (which links intermediate filament proteins to integrin-containing adherens junctions in striated muscle) 48 bind the R8 domain, which is inserted into a loop in the R7 domain (FIG. 1) . The availability of highresolution structures for all talin domains should facilitate the detailed mapping of interaction surfaces and therefore studies on talin function.
Mechanism of talin-mediated integrin activation.
Biochemical 3 and crystallographic studies 5 established that a complex is formed between the talin F3 domain and the first NPXY motif in β-integrin tails (FIG. 2a) , and that this interaction is required for the talin-mediated inside-out activation of integrins in vitro 4 and in vivo 49 .
More recent studies of the complexes formed between larger β-integrin tail fragments and talin subdomains 6, 37 ( FIG. 2b) , and structures of integrin transmembrane domain (TMD) segments 50 , have extended our knowledge of integrin-talin-membrane interactions and have led to plausible models for talin-mediated integrin activation [20] [21] [22] FIG. 2c ). In brief, the close association of the TMD helices of the integrin subunits results in a lowaffinity receptor. Structures of the αIIbβ3 TMD complex show that, in this state, the αIIb TMD helix is roughly perpendicular to the membrane while the β3 TMD helix is tilted 50, 51 (FIG. 2c) . The regions of the αIIb and β3 TMD helices nearer the extracellular face of these integrin subunits pack closely together, but contact at their intracellular ends involves an unusual folding back of the α-chain that promotes electrostatic interactions between αIIb (Arg995) and β3 (Asp723) 50 (FIG. 2c) . Recent evidence indicates that a conserved β3 TMD Lys residue helps orient the TMD helix tilt by placing its positive charge at the membrane-water interface 52 . During physiological activation, the talin F3 domain binds to the first NPXY motif in the β-integrin tail; this interaction stabilizes additional interactions between F3 and the membrane-proximal region of the β-integrin tail, which extends its TMD helix 6 (FIG. 2b,c) . Talin F3 also forms a salt bridge with the conserved membrane-proximal Asp residue in β-integrin (Asp723 in β3) 37 . This contact probably disrupts the inhibitory interaction of the β-integrin tail with the conserved Arg995 residue in αIIb, thereby contributing to integrin activation. These findings are consistent with multiscale molecula r dynamics simulations in which binding of talin F2-F3 to a membrane-embedded αIIbβ3 dimer fragment causes tilting and reorientation of the β-integrin TMD helix, and dissociation of the α-integrin and β-integrin TMD contacts 53 FIG. 2c) . Experiments with fluorophores attached to regions of the β-integrin TMD segment at the membrane-water interfaces also show that talin induces changes in β-integrin TMD segment positionin g in the membrane 54 .
Although interactions between talin F3 and β-integrin tails are required for integrin activation, they are not sufficient, and interactions between the talin head and the membrane play a key part. The talin head has a series of basic residues along its membrane-proxima l surface 26 that bind acidic phospholipids, and mutations in basic residues in F2 (REF. 37 ) and in an inserted loop in F1 (REF. 32 ) markedly impair membrane binding and integrin activation. Moreover, acidic phospholipids have been shown to greatly increase the affinity of β3 tails for the talin head 55 , suggesting that acidic plasma membrane phospholipids such as phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ) have a key role in orientating the talin head such that it can engage and activate integrins 26 
Whether the above model applies to the activation of most integrins is controversial, although there is general agreement that the activities of leukocyte 56 and platelet integrins [57] [58] [59] are regulated by talin, and talin-mediated activation of integrins containing β1, β2 and β3 subunits has been reported in various cell types 4, 60 . Integrin activation is generally assessed by measuring the binding of soluble ligands or reporter antibodies that selectively or preferentially bind the active integrin 61 . Whereas over expressing the talin head is sufficient for integrin activation, full-length talin also activates integrins, and mutagenesis confirms that this relies on interactions between the talin head and the β-integrin tail 44, 61, 62 . Nonetheless, full-length talin is a less potent integrin activator because it can adopt an autoinhibited conformation [62] [63] [64] [65] . The inter action of full-length talins with integrins is also implicated in integrin clustering 8, 66, 67 , and as many integrin ligands are multivalent, this could greatly increase adhesion through avidity modulation 68 . Moreover, clustered talin-bound integrins serve as a link to the actin cytoskeleton and acts as a signalling hub.
Regulation of talin function
As talin has a key role in integrin activation, its function is tightly regulated. Mechanisms involved include changes in talin conformation and localization, which are induced by signalling pathways and mechanical force, the action of competitor proteins and limited proteolysis of talin by calpain 2. The two NPXY motifs are underlined, and the conserved Asp723 (numbers correspond to the amino acids in the β3 sequence) that forms a salt bridge with Arg995 in the αIIb tail is highlighted in red. The formation of the salt bridge leads to a low-affinity state. Talin binds to the indicated region of the β-integrin tails via its F3 domain. b | The complex between the talin 2 F3 domain (yellow) and the β1D tail (red) 37 using β1D numbering to indicate key residues. The membrane-proximal and membrane-distal regions of the complex are indicated. The first NPXY-like region in the β1D tail is indicated by Tyr783. The second NPXY-like region in the β1D tail was not seen in the X-ray structure but is modelled here (indicated by Tyr795) to show that it is very exposed and has the potential to bind kindlins. c | The nuclear magnetic resonance (NMR) structure of the transmembrane domain of the αIIbβ3 integrin is shown on the left 50 . This NMR structure and the structure of the talin 2 F2-F3 domains bound to the β1D integrin tail 37 were used to form the composite structure shown in the centre. The structure on the right was obtained after 100 nanoseconds of molecular dynamics simulation in the presence of a membrane bilayer. The formation of favourable electrostatic interactions between talin and the membrane causes rotation of the talin-β-integrin tail complex (centre and right structures), increasing the tilt of the β-integrin transmembrane helix. This leads to separation of the α-subunit and β-subunit transmembrane domains and hence to integrin activation. The translucent rectangle indicates the position of the cytoplasmic face of the membrane bilayer. d | The structure of the autoinhibitory complex between the talin 1 F3 domain (yellow) and the R9 domain of the talin 1 rod region (green) 65 . The talin F3 domain is shown in approximately the same orientation as in part b. Note how binding of the talin rod domain to the talin F3 domain occludes the F3-binding site for the membrane-proximal portion of the β-integrin tail, effectively preventing integrin binding and activation.
Multiscale molecular dynamics simulations
These numerically solve Newton's equations for interacting particles and follow their trajectories. They have become a powerful way of fine-tuning protein structure and dynamics. Major limitations are the relatively small size of the systems and the short timescales of the trajectories that can be studied. Multiscale simulations that combine simplified representations of molecules (coarse grain) with all atom representations (atomistic) circumvent some limitations.
SAXS (Small angle X-ray scattering).
A technique that provides low-resolution information about the shape of objects. It depends on the analysis of the angular intensity distribution of X-rays scattered by molecules in solution.
RAS-associating domain
(RA domain). A domain that is found in many effector proteins for the RAS family of small GTPases. The domain adopts a ubiquitin-like fold and supports binding of proteins containing an RA domain to 'active' GTP-loaded RAS family proteins.
Pleckstrin homology domain
(PH domain). Domain that is found in a wide range of intracellular signalling proteins. It often binds to membranes via interactions with phosphatidylinositol-4,5-bisphosphat e.
Exocyst complex
An octameric protein complex that is involved in vesicle trafficking. It targets post-Golgi vesicles to the plasma membrane before vesicle fusion.
Talin conformations and autoinhibition. Biochemical data and electron microscopy 25, 69 show that talin exists in both globular and extended conformations (~60 nm long), and a structural explanation for this has recently begun to emerge. Specifically, the talin F3 domain binds the R9 domain in the talin rod 62, 64, 65 , which sterically inhibits binding of the F3 domain to the membraneproximal region of β-integrin tails ( compare FIG. 2b,d ).
Further insights into the structure of autoinhibited talin are provided by a three-dimensional (3D) model of fulllength talin derived from electron microscopy reconstruction studies, and the shapes of individual domains and interdomain angles determined by SAXS (small angle X-ray scattering) 63 . The model indicates that talin can form a compact dimer (12.5 nm × 11 nm × 9.5 nm) in which the two talin rods form a donut-shaped structure, with the talin heads packed in the centre of the donut. In addition, this model recapitulates the high-affinity interaction between the F3 head and R9 rod domains and several weaker intersubunit interactions that have been detected by NMR.
The concept of autoinhibited talin is consistent with observations that much of talin is cytosolic 70 and that it translocates to the membrane in response to activation of the RAP1A GTPase, a key regulator of integrin activity 45, 46 . The positively charged residues in the F3 domain that interact with the negatively charged face of R9 also interact with acidic membrane phospholipids
. PtdIns(4,5)P 2 has been shown to relieve the F3-R9 interaction 62 and could therefore activate talin. It is important to note that the interactions that stabilize autoinhibited talin 62 seem to be much weaker than those in autoinhibited vinculin 71 .
As predicted by the structural data, mutations that compromise the talin F3-R9 interaction accelerate the rate of focal adhesion assembly 11 . However, cell fractionation studies show that, on its own, disrupting the F3-R9 interaction is not sufficient to drive talin from the cytosol to the plasma membrane; additional interactions between the F2-F3 FERM domains and R1-R2 rod domains mask membrane-targeting sequences in the FERM domain 70 . Interestingly, R1-R2 contains three VBSs (FIG. 1a) , and expression of the talin-binding domain of vinculin (Vd1) 24 in cells was sufficient to induce talin targeting to the plasma membrane. Thus, vinculin could have a significant role in talin activation, a conclusion supported by the observation that the vincu lin Vd1 stabilizes focal adhesions and locks integrins into the activated state 72, 73 . Moreover, the vinculin Vd1 increases binding of αIIbβ3 integrin to recombinant talin in vitro and in cells 74 .
RAP1A-RIAM in talin-mediated integrin activation.
Elegant reconstitution studies of αIIbβ3 integrin activation in Chinese hamster ovary (CHO) cells have defined a pathway in which activated RAP1A and its effector RIAM recruit talin to the cytoplasmic domain of integrins, which leads to integrin activation [44] [45] [46] . A short amphipathic helix (residues in the N-terminal region of RIAM binds talin, and a protein containing this helix fused to the membrane-targeting sequence of RAP1A recruits talin to the plasma membrane and supports integrin activation 45 . Talin also binds the N-terminal helix of lammellipodin 45 , which, like RIAM, is a member of the MRL family of proteins 75 . RIAM and lamellipodin contain a RAS-associating domain (RA domain) and an adjacent pleckstrin homolog y domain (PH domain), and the structure of the RIAM RA-PH double domain suggests that they act as a proximity detector for activated RAP1A and PtdIns(4,5)P 2 (REF. 76); RIAM and therefore talin are only recruited to RAP1A•GTP embedded in PtdIns(4,5)P 2 -rich microdomains. Interestingly the N-terminal region of RIAM inhibits its recruitment to membranes, raising the possibility that talin might contribute to RIAM activation. This leaves open the question as to whether RIAM activates talin.
The talin-PtdInsP kinase Iγ interaction. Cells lacking PtdInsP kinase Iγ, the isoform of PtdIns kinase that binds talin, show reduced initial rates of attachment to the ECM, impaired recruitment of both talin and vinculin (but not kindlin 2 or paxillin) to focal adhesions and reduced ability of β1 integrins to exert force on the ECM 77 . A similar phenotype was obtained with wildtype cells expressing a K274E mutation in the talin F2 FERM domain that inhibits PtdIns(4,5)P 2 binding and dramatically reduces integrin activation 37 . The authors conclude that the major role of PtdInsP kinase Iγ in focal adhesions is to locally synthesize PtdIns(4,5)P 2 that is required to orientate the talin head such that it can activate integrins 77 . However, it is also likely that PtdIns(4,5) P 2 plays a part in the RIAM-mediated recruitment of talin to the membrane 76 and talin activation 62 . Moreover, PtdInsP kinase Iγ and talin associate with the exocyst complex to deliver integrins to the leading edge 78 . Thus, PtdInsP kinase Iγ can modulate talin function and cell adhesion in several ways. Interestingly, ubiquitylation of this kinase has recently been shown to regulate focal adhesion turnover 79 .
FAK-mediated recruitment of talin to nascent adhesion s.
Evidence that FAK also has a key role in recruiting talin to nascent adhesions has recently emerged 40 . Thus, although talin and paxillin colocalized in focal adhesions formed 15 minutes after plating MEFs on fibronectin, talin was not detectable in early paxillin-positive focal adhesions formed by FAK-null cells even though it was present in mature focal adhesions. Moreover, talin colocalized with FAK in early focal adhesions in cells expressing a β1 integrin tail mutation (Y783A) that abrogates talin binding, which suggests that talin can be recruited to these sites independently of integrin binding. This challenges the conventional model of focal adhesion assembly in which integrin-talin-actin complexes precede the recruitment of other focal adhesion proteins. What recruits FAK to these early adhesions has not been established, but this might involve p190 RHO guanine nucleotide exchange factor (GEF) (also known as RGNEF), which binds FAK 80 . Recent developments in single-protei n tracking and super-resolution imaging 81 may help clarify the kinetics of FAK and talin recruitment during adhesion initiation and maturation. Interestingly, talin-deficient adhesions in FAK-depleted cells can be labelled with the 9EG7 antibody that detects activated β1 integrin, and mammary epithelial cells depleted of talin 1 also contain activated β1 integrins and assemble focal adhesions, although these are deficient in vinculin, paxillin and ILK (integrin-linked kinase) 82 . Whether integrin activation, and also the early stages of cell spreading 10 , in talin-knockdown cells is driven by ECM binding, via other tail-binding proteins or by residual talin below the limits of detection, is unclear.
Inhibitors of talin-integrin interactions. Several mechanisms have the potential to modulate the talin-integri n interaction and therefore integrin activation (FIG. 3) , even if talin itself remains activated and membranebound 7, 83 . Phosphorylation of the membrane-proximal NPXY motif in β-integrin tails by SRC family kinase (SFK) directly inhibits binding of the talin F3 PTBlike domain 84, 85 and so impairs integrin activation.
However, this tail phosphorylation also promotes the binding of other PTB domain proteins, such as the scaffold protein DOK1 (docking protein 1) [84] [85] [86] ; competition of these proteins with talin is likely to further suppress integrin activation (FIG. 3) . Other proteins that bind β-integrin tails can also interfere with talin binding, the best characterized of which is filamin. Structural studies reveal that filamin binds β-integrin tails at a site that overlaps with talin-binding sites, and hence filamin competes with talin for β-integrin binding 87 . It is also likely that filamin competes with kindlin for β-integrin tail binding (FIG. 3) . Consistent with this, loss of filamin expression enhances integrin activation 87 , and expression of the filamin-binding protein migfilin, which occupies the integrin-binding site on filamin 88, 89 , enhances integrin activation 90 . However, migfilin knockout mice either exhibit no pheno type 91 or the effects are restricted to bone remodelling by osteoblast progenitors 92 . These findings raise questions about the wider relevance of migfilin in regulating integrin activation. Filamin binding to β2 integrins is also inhibited by 14-3-3 proteins that bind to β2 integrin tails phosphorylated on Thr758 (REF. 93 ).
Another well-characterized integrin inhibitor is integrin cytoplasmic domain-associated protein 1 (ICAP1) 94 (FIG. 3) . The PTB-domain in ICAP1 binds the membranedistal kindlin-binding NPXY motif in β1 integrins, but also inhibits talin binding to integrin 83 . The crystal structure of the β1 integrin-ICAP1 complex has now been solved 95 , and talin-binding residues are not involved in the interface, suggesting that the inhibitory effect of ICAP1 is not via direct competition. Nonetheless, ICAP1 expression impairs talin-mediated β1 integrin activation, and ICAP1 mutants defective in integrin binding do not inhibit this activation. Furthermore, KRIT1 (Krev interaction trapped 1) binding to ICAP1 displaces ICAP1 from integrins, facilitating talin-mediated integrin activation 95 . Intriguingly, a recent study implicates the actinbundlin g protein α-actinin in both positive and negative regulation of integrin-talin interactions 96 . The reported α-actinin-binding site on β-integrin tails 96 overlaps with the talin-binding site (FIG. 3) , suggesting that α-actinin and talin may compete for binding, and this has now been reported for β3 integrins 96 . Consistent with this, α-actinin binding suppresses αIIbβ3 activation in platelets 97 . However, α-actinin apparently enhances talin binding to β1 integrins 96 . The data highlight the need to consider α-actinin as a modulator of talin binding and adhesion site maturation, although the different effects on β1 and β3 integrins remain to be explained.
Integrin-talin interactions may also be inhibited by proteins that bind the talin F3 PTB-like domain. For example, overexpression of PtdInsP kinase Iγ, which binds the talin F3 domain, suppresses integrin activation 98 , even though talin dimers have the potential to engage two different F3 domain ligands simultaneously. In addition, inhibitors of integrin activation that bind the α-integrin tail have been identified 83 , one of which, SHARPIN (SHANK-associated RH domain-interacting protein), is reported to inhibit talin and kindlin binding Upper case letters indicate near-invariant residues, lower case letters conserved residues, and all other residues are marked by a dot. Binding regions for integrin activators (green) and inhibitors of integrin activation (red), based on structural and biophysical studies 87, 93, 95, 96, 113 , are indicated by their position relative to the sequence. Talin and kindlin can bind the β-integrin tail simultaneously 106 , but binding sites for the proteins that inhibit their binding, and thus inhibit integrin activation, overlap, suggesting that only one can bind at a time. SRC-family kinase (SFK)-mediated Tyr phosphorylation of the membrane-proximal or membrane-distal NPXY motif can inhibit talin and kindlin binding, respectively, and enhance binding of the inhibitor DOK1 (docking protein 1) 84, 85, 143 . Thr phosphorylation (by an unknown kinase) at residues between the two NPXY motifs has the potential to activate or inhibit integrin activation -it suppresses binding of the integrin inhibitor filamin 87, 93 but generates a binding site for 14-3-3 proteins that also inhibits integrin activation 93 . α-actinin can both positively and negatively regulate integrin-talin interactions, depending on the β-integrin tail it associates with 96 . Binding of other proteins, such as migfilin or KRIT1 (Krev interaction trapped 1) 89, 90, 95 , to the integrin inhibitors filamin and ICAP1 (integrin cytoplasmic domain-associated protein 1), respectively, prevents these inhibitors from binding to integrins and hence favours integrin activation.
to the β-integrin tail through an unknown mechanism. Thus, various protein-protein interactions can modulate talin-integrin interactions and hence control integrin activation.
Cooperation between talin and kindlin
Over the past 5 years, it has become evident that kindlins, another family of β-integrin tail-binding, FERMdomain-containing proteins, also have key roles in integrin activation and signalling 17, 19, 99, 100 . Kindlins directly bind β-integrin tails, and kindlin or integri n mutations that inhibit this binding impair talinmediate d integrin activation. This strongly suggests that a direct kindlin-integrin interaction is required for maximal integrin activation. However, in most cell culture systems, kindlin overexpression does not activate integrins (in some cases it can even suppresses activation) 101 , but when co-expressed with the talin head, kindlins can strongly potentiate αIIbβ3 activation [101] [102] [103] . Surprisingly, even when co-expressed with the talin head, overexpressed kindlin does not activate α5β1 integrins 101 . Indeed, kindlin co-expression can suppress talin head-mediated β1 integrin activation. The basis for this suppression, and for the differential behaviour of β1 and β3 integrins, requires further study. Nonetheless, β1 integrin activation is kindlin-dependent, as kindlin knockout or knockdown impairs β1 integrin activation [103] [104] [105] . Consistent with a role for kindlins as co-activators of integrins, rather than as direct activators, NMR data indicate that kindlin 2, unlike the talin head, is unable to unclasp the inhibitory αIIbβ3 tail interaction 106 . Furthermore, in engineered cell systems, mutations that block talin binding to β-integrin tails block both talin-and kindlin-driven integrin activation, whereas mutations that inhibit kindlin binding still permit talinmediated activation, although they block the kindlin enhancement effect 107 . Thus, kindlins apparently modulate talin-mediated integrin activation; however, the underlying mechanism remains unknown.
Kindlins are structurally related to the talin head. Much less structural information is available for kindlins than for talins, partly because kindlins are difficult to express. Kindlins are highly conserved, and revised sequence alignments show that they have a similar domain organization to the atypical talin FERM domain 108 (FIG. 4a) . Like talins, kindlins have an F0 domain and a large unstructured insert in F1. However, unlike talins, kindlin F2 domains contain an inserted PH domain. Structures of kindlin F0 (REFS 108, 109) and its PH domain [110] [111] [112] have been solved, and recent SAXS studies indicate that intact kindlin 3 is relatively elongated in solution 113 , like the talin head 26 (FIG. 4b) . Consistent with the similarities to the talin FERM domain, pull-down assays demonstrate that kindlins directly bind β-integrin tails and that point mutations in the kindlin F3 domain inhibit this interaction 13, 101, 102 . Kindlin binds the second NPXY motif in β-integrin tails, and mutations at this site, or at conserved Thr residues preceding it, inhibit binding. These results have recently been confirmed using various biophysical techniques 106, 113 . In summary, although we still lack high-resolution structures of intact kindlins, the available evidence points to a high degree of similarity to the talin head with the exceptions that kindlins contain an inserted PH domain and bind to the membrane-distal NPXY motif (rather that the membrane-proximal NPXY motif) in β-integrin tails (FIG. 3) .
The role of kindlins in talin-mediated integrin activation. As described earlier, the molecular basis of talin-mediated integrin activation has been revealed in considerable detail and, in purified systems, talin binding is sufficient to activate membrane-embedded αIIbβ3 integrins 107 . However, kindlin knockout, knockdown and overexpression data, along with data on the function of integrin mutants defective in kindlin binding, all implicate kindlins in integrin activation. Although we still lack a definitive understanding of how kindlins activate integrins, a number of models have been proposed 22, 100, 114 (FIG. 4c) . In vitro, the talin head, kindlin and β-integrin tails form a ternary complex 106, 113 . This formation may be essential for integrin activation, although the sequential binding of these components, or their binding to adjacent integrins 114 , have not been excluded. Recent data suggest that the binding of kindlin to integrins neither enhances talinintegrin binding nor increases talin targeting to the membrane 106, 115 , and no direct talin-kindlin interaction has been reported. This has led to suggestions that kindlin influences events occurring after talin recruitment to integrins 115 . Consistent with this, in neutrophils, talin 1 is required to generate the intermediate-affinity state of αLβ2 integrin that is responsible for the initial slow rolling of neutro phils, whereas both talin 1 and kindlin 3 are required for the high affinity of αLβ2 and neutrophil arrest 56 . Kindlins might enhance talin-mediated integrin tail separation by binding to the second NPXY motif in the β-integrin tail and anionic membrane phospholipids. Indeed, the kindlin F0 domain, F1 loop and the PH domain can each bind anionic phospholipids (FIG. 4a) , and such binding is required for kindlin to fully co-activate αIIbβ3 integrin 109, 110, 112, 116 . This hypothesis could be tested in purified reconstituted systems such as the integrin nanodiscs already used to show talin-mediated integrin activation 107 . If kindlin potentiates talin-mediated integrin activation in vitro, then it would strongly suggest that the ternary complex is the key to integrin activation. Alternatively, in cells, kindlin binding to the integrin tail may recruit additional activator or signalling proteins or displace inhibitory proteins that modify the ability of talin to activate integrins. In this regard, it is noteworthy that the structurally-defined binding sites for the inhibitors ICAP1 (REF. 95 ) and filamin 87 in β-integrin tails overlap with the kindlin-binding site (FIG. 3) , which suggests that kindlin binding will displace these inhibitors. Similarly, the binding of 14-3-3 protein to phosphorylated β2 integrin tails is likely to inhibit kindlin binding 93 . Kindlins might also influence integrin clustering and so enhance binding of multivalent ligands via increased avidity, rather than through conformational changes that lead to increased Nature Reviews | Molecular Cell Biology affinity for monovalent ligand. Available data suggests kindlins are monomeric, so clustering might be mediated by kindlin-binding proteins such as migfilin and ILK, both of which have been implicated in promoting integrin activation 90, 117 . Thus, the adaptor functions of kindlins may be crucial for enhancing integrin activatio n and/or clustering.
Integrin and kindlin isoform specificity. All three kindlins bind integrins and affect their activation, but loss of kindlin 1, kindlin 2 or kindlin 3 results in markedly different phenotypes that are only partly due to differential expression 17, 114 . Of the eight different human β-integrin subunits, kindlins are currently known to bind β1, β2, β3 and β6 subunits (REFS 99,114,118 ). (FIG. 1) , kindlin is thought to form an extended structure 113 . β-integrin tails bind to the F3 subdomain, whereas phosphoinositide membrane-binding sites have been identified in the kindlin F0 and PH domains and in the large unstructured loop in F1 (REFS 109, 110, 112, 116) . Binding sites for ILK (integrin-linked kinase) and migfilin have yet to be definitively mapped. B | Possible orientation of kindlin domains based on X-ray scattering 113 , the kindlin 1 PH domain crystal structure 112 and nuclear magnetic resonance (NMR) structures of the kindlin 1 F0 domain 108 and the talin FERM domain 26 . Domains are coloured as in part A. C | Models for cooperation between talin and kindlin during integrin activation. Binding of kindlin to the β-integrin tail may directly potentiate talin-mediated integrin activation (Ca), perhaps by binding both the β-integrin tail and the membrane to cause optimal exposure of the talin-binding site in the β-integrin tail. Alternatively, kindlin binding to integrin may displace inhibitors, facilitating talin binding and activation (Cb). In addition, kindlin may recruit other activating or adaptor proteins that cooperate with talin to activate integrins (Cc). Finally, kindlin may directly or indirectly (via another kindlin-binding protein; indicated by the question mark) induce clustering of talin-activated integrins to increase avidity (Cd). It is important to note that ZASP (Z-band alternatively spliced PDZ-motif containing protein) also cooperates with talin to activate α5β1 integrin 150 , although it is unknown whether kindlins have any role in this process.
Kindlin 2 preferentially binds β1 and β3 integrins, interacts more weakly with β2 intergrin and exhibits very little binding to β6 intergin 106, 118 . Kindlin 1 strongly associates with both β1 and β6 integrins 118 . Kindlin 3 binds β1, β2 and β3 integrins and, although differential integrin binding has not been reported for kindlin 3, it has been suggested that it preferentially regulates β1 integrin-dependent processes 119 . Differential integrin binding may have consequences in cells such as keratinocytes, which express both kindlin 1 and kindlin 2 (REF. 118 ). In addition to variations in integrin binding, different kindlins also have distinct subcellular localization and functions 119, 120 . Furthermore, despite all three kindlins binding to β1 and β3 integrin tails, kindlin 1 and kindlin 2, but not kindlin 3, co-activate αIIbβ3 integrins in CHO cells 13, 101 . Likewise, whereas loss of kindlin 1 or kindlin 2 impairs β1 integrin activation, co-expressing the talin head and kindlin 1, kindlin 2 or kindlin 3 does not activate β1 integrins in CHO cells 101 .
The bases for these integrin-and kindlin-specific effects are unknown.
Talin -beyond integrin activation
Although the roles of talins in integrin activation have been the focus of attention over the past 15 years, talins also have vital roles linking activated integrins to the actin cytoskeleton 10 , sensing and reinforcing the response to mechanical force 121 and regulating adhesion formation and turnover.
Role of talin in mechanotransduction.
The talin rod is largely made up of 5-helix bundles in which the N-termini and C-termini are positioned at opposite ends. This means that these bundles form a linear chain 35 (FIG. 1) . However, three 4-helix bundles (R2-R4) interrupt the succession of 5-helix bundles, and as their N-termini and C-termini are at the same end of the bundle, they must adopt a more compact structure. Thus, the conformation of the talin rod will change in response to force exerted on the integrin-talin-actin complex, and this will probably affect its interaction with certain ligands.
The multiple VBSs in the talin rod (FIG. 1a) are each defined by hydrophobic residues on one face of an amphipathic helix 31 . These are normally buried within the core of the helical bundles, and vinculin binding therefore requires domain unfolding 2 . Elegant singlemolecule experiments show that VBSs can be activated by force 122 , and the recruitment of vinculin to focal adhesions is myosin II dependent 123 . Moreover, talin undergoes repeated cycles of actomyosin-dependen t stretching in the direction of actin flow 124 . In this context, the R2-R3 4-helix bundles contained within the compact N-terminal region of the rod are of particular interest. Unusually, the R2-R3 domains both contain two VBSs (FIG. 1a) , and although vinculin binding to R2 is inhibited because R2 is stabilized by extensive contacts with R1 (REF. 34 ), R3 is destabilized by a unique cluster of Thr residues buried within its hydrophobic core 35 . Therefore, R3 is likely to be among the first of the rod domains to bind vinculin.
An additional feature of R2 and R3 is that they each bind the RIAM N-terminal peptide (residues 6-30) albeit with low affinity 35 . However, it is now apparent that the N-terminal region of RIAM (residues 1-127) contains two talin-binding sites that bind synergistically to R2-R3 (REF. 35 ). Importantly, the talin-binding domain of vinculin, Vd1, displaces the N-terminal region of RIAM from R2-R3 (REF. 35 ) and inhibits binding of the RIAM N-terminal peptide to full-length recombinant talin 74 . This suggests that RIAM and vinculin binding to talin is mutually exclusive. Indeed, RIAM localizes preferentially to the membrane and in nascent adhesions where it supports cell protrusion 74 , whereas vinculin is abundant in mature focal adhesions 35, 74 . This suggests a model (FIG. 5) in which RIAM binding to talin R2-R3 initially recruits talin to the plasma membrane in a RAP1A•GTP-dependent manner. In this model, talin activates integrins and triggers the assembly of dynamic nascent adhesions. RIAM also recruits VASP (vasodilator-stimulated phosphoprotein) and the actin polymerization machinery required to drive membrane protrusion. As talin binds F-actin flowing away from the leading edge, force-induced conformational changes in talin R2-R3 disrupt high-affinity RIAM binding, exposing the VBSs. Vinculin recruitment stabilizes focal adhesions by promoting talin binding to integrins (this process is RAP1A•GTP independent) 74 , therefore maintaining integrins in the activated state 72, 74 . Moreover, vinculin can potentially crosslink talin to actin or acidic membrane phospholipids 24 (FIG. 5) . It also regulates the recruitment and release of other core focal adhesion proteins in a force-dependent manner 73 . Several regions of talin bind F-actin 2 , and may therefore have a role in initiating force-induced conformational changes in talin. The best characterized F-actinbinding site is located in the C-terminal R13 domain of the talin rod 27 , and mutations that compromise this site markedly reduce the ability of talin to rescue cell spreading and focal adhesion assembly in talin 1-knockdown endothelial cells 11 . Interestingly, helix 1 in the R13 5-helix bundle negatively regulates actin binding 27, 125 , and mutations that relieve this inhibition increase focal adhesion size and stability 11 . This suggests that force exerted on the R13 bundle may increase its affinity for F-actin, strengthening the talin-actin connection. However, the C-terminal actin-binding site in vinculin is also essential for force transduction and the repolarization of cells in response to stretch 73 . In summary, talin is a mechanosensitive protein that probably changes conformation in response to force. This conformational change is predicted to regulate its affinity for RIAM, vinculin and F-actin and, therefore, its role durin g adhesion assembly versus focal adhesion maturation.
Role of the integrin-binding site IBS2 in the talin rod.
In addition to the well-characterized integrin-binding site in the talin F3 FERM domain (IBS1), the talin rod contains an IBS2 (REF. 43 ) that spans two 5-helix bundles, R11 and R12 (REF. 30 ). Studies using D. melanogaster have established that, despite some redundancy, IBS1 maintains the link between integrins and the ECM, 44, 45, 74 via the amino-terminal region of the talin rod 35 . Second, talin can be recruited by binding to the exocyst complex 78 , which contains integrins and also phosphatidylinositol 4-phosphate 5-kinase type Iγ (PtdInsP kinase Iγ) which creates the PtdIns(4,5)P 2 -rich microdomains. Third, by binding to focal adhesion kinase (FAK) 40 associated with RNGEF
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, which is a p190 RHO guanine nucleotide exchange factor (GEF) with a pleckstrin homology (PH) domain that binds phosphoinositides. Positively charged residues on one surface of the talin head are then thought to interact with PtdIns(4,5)P 2 (REF. 26 ), relieving talin autoinhibition. Only one subunit of talin is shown for simplicity. B | Integrin activation following talin activation. PtdIns(4,5) P 2 binding to the talin head increases its affinity for β-integrin tails 55 , leading to integrin binding and activation. This triggers the assembly of nascent adhesions. RIAM also drives membrane protrusion 74 , probably by binding VASP (vasodilator-stimulated phosphoprotein), which recruits the actin polymerization machinery (part Ba). The talin rod then binds F-actin undergoing retrograde flow, and the force exerted on talin 124 may alter the conformation of the N-terminal part of the talin rod (part Bb). This disrupts the RIAM-binding site and exposes vinculin-binding sites 35 . Vinculin binds talin via the vinculin Vd1 domain, whereas the carboxy-terminal tail of vinculin binds F-actin. Moreover, vinculin may also crosslink talin to PtdIns(4,5)P 2 in the membrane 24 .
Either way, vinculin stabilizes the integrin-talin-actin complex, leading to the maturation of nascent adhesions into focal contacts. Further increases in force exerted on talin by actomyosin contraction induce more extensive conformational changes in both the talin rod and the unstructured linker between the head and rod (part Bc). This exposes additional vinculin-binding sites and promotes the transition from dynamic focal contacts into more stable focal adhesions that are associated with actin stress fibres. Note that vinculin exists in an autoinhibited cytoplasmic form, and the mechanisms by which it is activated have yet to be defined 24 , although force exerted by actomyosin contraction is involved 73 . A schematic diagram showing the relative positions of nascent adhesions, focal contacts and focal adhesions in a migrating cell is shown.
presumably by activating integrins. By contrast, IBS2 was shown to stabilize the link between integrins and the intracellular adhesion complex that includes paxillin, PINCH and FAK 126 . Interactions between β1 integrins and an IBS2-containing talin rod polypeptide have been detected by fluorescence resonance energy transfer (FRET), although surprisingly, no interaction was detected between β1 integrins and the talin head 127 . This suggests that IBS2 forms a relatively stable association with integrins although it does not activate them 43 . By contrast, the IBS1-integrin interaction is more dynamic. Factors that determine which of the two IBSs in talin engage β-integrins remain to be defined. Superresolution fluorescence microscopy of focal adhesions shows that the talin head is close to integrin tails while the C-terminus of the rod colocalizes with actin ~40 nm from the membrane 128 , an orientation supported by single molecule analysis of talin in cells 124 . This would suggest that IBS2, which is close to the C-terminal end of talin, is not engaged in focal adhesions.
A role for C-terminal talin polypeptides? Although talindepleted mammary epithelial cells still spread on ECM proteins, FAK signalling is compromised, p21 levels are increased and proliferation is inhibited. This phenotype is rescued by expressing membrane-localized FAK, but not a kinase-dead mutant 82 . FAK signalling and proliferation were also rescued by expression of just the C-terminal region of talin (residues 1974-2541; FIG. 1) , which suggests that this part of the talin rod plays a part in assembling FAK signalling complexes, although FAK has not been shown to bind the talin rod. Intriguingly, a similar C-terminal talin polypeptide is generated in cells by calpain 2-mediated proteolysis of talin between residues 1902-1903, coupled to arginylation of the liberated 70 kDa talin polypeptide 129 . Moreover, mouse Tln2 has at least two internal promoters that encode C-terminal talin 2 rod polypeptides 130 . These results raise the possibility that C-terminal polypeptides generated from the genes encoding talin 1 and talin 2 may have p hysiological relevance.
Talin, focal adhesion dynamics and turnover. Studies using single-protein tracking and super-resolution microscopy have recently begun to provide remarkable new insights into the dynamics of individual molecules within focal adhesions. Integrin immobilization in focal adhesions requires simultaneous binding to both matrix and talin, whereas integrins outside focal adhesions can freely diffuse 81 . Talin that freely diffuses in the cytosol is recruited directly to focal adhesions where it becomes immobilized. This implies that talin is activated within focal adhesions and immediately engages and activates integrins. Intriguingly, integrins within focal adhesions go through periods of immobilization and slow free diffusion, suggesting that they cycle between active and less active states.
Turnover of focal adhesions is essential for cell migration, and calpain 2-mediated cleavage of talin between the head and rod 131 , and at a second site that removes the C-terminal dimerization domain, promotes focal adhesion turnover 42 . Interestingly, a FAK mutant (FAK E1015A ) that is unable to bind talin fails to support calpain 2-mediated talin cleavage and focal adhesion turnover 40 . The possibility that the talin head liberated by calpain 2 cleavage is physiologically important is raised by the discovery that its levels seem to be tightly regulated. The talin head undergoes SMURF1-mediated ubiquitinylation, which leads to its degradation, and this ultimately promotes focal adhesion turnover. Conversely, Ser425 phosphorylation by cyclin-dependent kinase 5 (CDK5) stabilizes the talin head and focal adhesions 132 . Thus, turnover of the liberated talin head might support cycling between active and inactive integrins during focal adhesion remodelling, whereas the liberated talin rod might maintain FAK signalling and therefore cell cycle progression 82 .
Talin, kindlin and integrin recycling. RAB GTPases have key roles in integrin recycling 133 . However, the possibility that talin might also contribute was raised by early observations that talin depletion in HeLa cells results in aberrant α5β1 processing 134 and its delayed export from a secretory compartment 135 . Moreover, talin 1-knockout embryonic stem cells exhibit reduced steady-state levels of β1 integrin 136 . Recent studies show that talin 1 (but not talin 2) protects β1 integrins from proteasoma l degradation and that this is important in epithelial morpho genesis 137 . New evidence points to a role for a talin-PtdInsP kinase Iγ-exocyst complex in promoting trafficking of integrins to the leading edge, the establishment of cell polarity and directional cell migration 78 . Interestingly, talin 1 also directly binds to the RAC1 GEF TIAM1 (REF. 41 ), which in turn associates with the partitioning defective 3 (PAR3) component of the PAR polarity complex. The talin 1-TIAM1 interaction is important in transient integrin-mediated RAC1 activation, which occurs via outside-in signalling, and the subsequent lamellipodia protrusion and cell spreading. TIAM1 also colocalizes with talin in a subpopulation of larger focal adhesions in the front of migrating cells and regulates their turnover. It now emerges that talin also has a role in α5β1 internalization, whereas kindlin 2 binding to the membrane-distal NPXY motif in β1 integrin tails seems to prevent lysosomal degradation and promote recycling of internalized, activated α5β1 integrins 138 . However, two recent papers suggest that kindlins dissociate from internalized integrins and that the FERM domain-containing protein sorting nexin 17 (SNX17) interacts with the kindlin-binding site on β-integrin tails in early endosomes and drives recycling 139, 140 . In conclusion, both talin and kindlins can influence integrin function at several levels.
Outstanding issues
Mechanisms involved in talin-mediated integrin activation are now well understood, but how kindlins and talins cooperate during integrin activation remains a major question. Nonetheless, progress in characterizing kindlin structures and interactions, combined with the reconstitution of integrin activation in purified systems 107 , advanced imaging techniques such as FRET, super-resolution microscopy and fluorescence correlation spectroscopy 81, 127, 128, 141 , hold promise for addressing this question.
The second major question relates to the regulation of talin and kindlin functions. Again, more is known for talin, although the mechanisms remain illdefined. Although RAP1A-RIAM recruits talin to the plasma membrane [44] [45] [46] (FIG. 5) , it is unclear whether the RIAM-binding sites in autoinhibited talin are exposed and whether RIAM activates talin. Interestingly, the PtdInsP kinase Iγ-binding site in autoinhibited talin is exposed 65 , so perhaps this kinase targets talin to the plasma membrane (for example, as part of the integrincontaining exocyst complex) 78 (FIG. 5) and synthesizes the PtdIns(4,5)P 2 that activates talin 62 (FIG. 5) . However, if PtdInsP kinase Iγ occupies the talin F3 domain, how does talin bind integrins? In principle, talin dimers can bind both molecules, but could this support integrin ; alpha myosin heavy chain-Cre (heart) Talin 1 is not required for heart development or basal function (talin 2 is the predominant isoform in cardiomyocytes); talin 1 loss attenuates the hypertrophic response of the heart to stress
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Tln2
Tln2 gene traps
No true Tln2 null alleles and no phenotype 130
Tln2 knockout (complete gene deletion)
Mice are viable and fertile although they are difficult to breed; mildly dystrophic phenotype that is slightly more severe than muscle-specific Tln1 knockout
145
Tln2 exon 1 deletion (skeletal muscle)
Myotendinous junction defects; mildly dystrophic phenotype that is slightly more severe than muscle-specific Tln1 knockout 159
Tln1 and Tln2
Tln1 fl/fl ; alpha actin-Cre; Tln2 exon1 deletion Deletion of Tln1 and Tln2 from skeletal muscle results in defects in myoblast fusion and sarcomere assembly; myoblasts still express active β1-integrins but show defects in coupling integrins to cytoskeletal actin 159 ECM, extracellular matrix; ER, oestrogen receptor; M-CSF, macrophage colony-stimulating factor; PtdInsP kinase Iγ, phosphatidylinositol 4-phosphate 5-kinase type Iγ; Tln, talin.*The system, cell type or tissue in which the gene was modified is shown in brackets. ‡
Tln1
fl/fl indicates that both copies of the Tln1 gene contain a pair of LoxP sites. Crossing these mice with mice expressing Cre recombinase from the tissue-specific promoter indicated allows for deletion of the Tln1 gene in selected tissues. Cre-ER is a ubiquitously expressed form of the Cre recombinase that can be activated by injecting tamoxifen into the animal. The phenotypes of mice lacking the various integrin subunits, integrin activators (including kindlins) and inhibitors are summarized elsewhere 160 .
clustering? The affinity of talin for integrins is greatly increased by PtdIns(4,5) P 2 (REF. 55 ), so once talin has been delivered to the plasma membrane, this phospholipid could shift the binding equilibrium in favour of talin-integrin complexes. Indeed, talin seems to be activated within focal adhesions 81 , and PtdIns(4,5)P 2 localized in focal adhesions might be important in integrin adhesion and force coupling 77 . The roles of FAK 40 and vinculin 70, 73 in recruiting talin to focal adhesions, and in the regulation of talin-mediated integrin activation, also require further clarification (FIG. 5) .
Once integrin-talin complexes engage F-actin, forceinduced conformational changes in the talin rod may displace RIAM and promote the vinculin binding that is required for adhesion maturation 35, 74 (FIG. 5) . It will be important to establish: whether the 11 VBSs in the talin rod are differentially activated in response to increasing force; whether force relaxation allows the helical bundles in the talin rod to refold, thus displacing vinculin; and whether vinculin stabilizes focal adhesions by crosslinking talin to actin or PtdIns(4,5)P 2 or both. Both in vitro molecular tweezer approaches and in vivo FRET tension sensors may help to address these questions. In the case of kindlin, similar mechanisms are likely to regulate its activation, namely membrane binding, competition with other partners, phosphorylation, calpain cleavage 109, 110, 111, 113, 116, 142, 143 and possibly even conformational rearrangements 144 , but studies investigating these mechanism s are at an early stage.
Ideas about the regulation and function of talins and kindlins obtained from in vitro or cell culture approaches need to be confirmed in whole organisms. Although progress has been made using talin-knockout in D. melanogaster 8 and conditional Tln1-knockout mice (TABLE 1) , studies in vertebrates are complicated by the endogenous expression of talin 2, the function of which remains obscure 130, 145 , although the fact that talin2 expression is tightly regulated by multiple pathways 145 suggests an important role. Likewise, potential redundancy between kindlins can make interpretation of mouse and D. melanogaster kindlin-knockout phenotypes difficult, and it will be important to assess the isoform-specific interactions and functions of the different kindlins. Although many questions remain unanswered, our understanding of the 'integrin, talin and kindlin story' has made remarkable progress in the 30 years since talin was first discovered. It will be fascinating to see how this affects our understanding of human diseases, and several recent reports suggest a role for talin-mediated integrin activation in metastasis 146, 147 .
